ERK phosphorylation is RAF-independent in naive and activated B cells but
RAF-dependent in plasma cell differentiation
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Abstract

Members of the RAF family of serine-threonine kinases are intermediates in the
mitogen-activated protein kinase and extracellular signal-regulated kinase (MAPK-
ERK) signaling pathway, which controls key differentiation processes in B cells. By
analyzing mice with B cell-specific deletion of Raf1, Braf, or both, we showed that
Raf-1 and B-Raf acted together in mediating the positive selection of pre-B and
transitional B cells as well as in initiating plasma cell (PC) differentiation.
Unexpectedly, genetic or chemical inactivation of RAFs led to increased amounts of
ERK phosphorylation in mature B cells. ERK activation in the absence of Raf-1 and
B-Raf was mediated not by A-Raf, the third member of the RAF family member in
mammals, but by multiple RAF-independent pathways, with phosphoinositide 3-
kinase (PI3K) playing an important role. Furthermore, we found that ERK
phosphorylation strongly increased during the transition from activated B cells to pre-
plasmablasts. This increase in ERK phosphorylation was not achieved in B cells
lacking both Raf-1 and B-Raf, and most likely explains the partial block of PC
differentiation in animals lacking both RAFs. Collectively, our data indicate that B-Raf
and Raf-1 are not necessary to mediate ERK phosphorylation in naive and activated
B cells but are essential for mediating the sharp increase in ERK phosphorylation

during the transition from activated B cells to pre-plasmablasts.



Introduction

The RAF family of serine-threonine kinases in mammals consists of RAF-1 (also
known as C-RAF), B-RAF and A-RAF. These kinases are involved in the activation
of the mitogen-activated protein kinase kinase—extracellular signal-regulated kinase
(MEK/ERK) signaling pathway downstream of several receptors, including tyrosine
kinase receptors and members of the tumor-necrosis factor receptor (TNF-R) family.
Activation of the kinase ERK occurs in most cases through a signaling cascade of
sequential phosphorylation events through RAS-RAF-MEK-ERK (7). It is well
established that ERK is activated downstream of the B cell receptor (BCR), but
details about the role of RAF kinases in the activation of MEK/ERK in mammalian B
lymphocytes are unclear.

In mammals, B cell development takes place in the bone marrow (BM), where B cells
develop from pro- to pre- and, finally, immature B cells. These cells leave the BM
and migrate to the spleen where they develop further through the transitional stages
type 1 (T1) and type 2 (T2) to give rise to either follicular B (Fo B) cells or marginal
zone B (MZ B) cells (2, 3). Both RAS and ERK have been suggested to control
important checkpoints during B cell development downstream of the pre-BCR and
BCR, ensuring the generation of B cells expressing a functional but not autoreactive
B cell receptor (4-10).

In the periphery, mature B cells can be activated to perform either T cell—
independent (TI) or T cell-dependent (TD) immune responses. B1a and MZ B cells
respond mainly to Tl antigens by rapidly differentiating into plasma cells (PCs) that
secrete low-affinity antibodies. In contrast, Fo B cells react to TD antigens and, along
with T cells, form germinal centers (GC), in which high-affinity PC and memory B

cells are generated. Ablation of ERK1 and ERK2 in GC B cells profoundly



compromises PC differentiation, suggesting that ERKs are essential for PC
differentiation (77). However, whether RAFs also contribute to PC differentiation by
mediating the phosphorylation of ERK has not been investigated in this context. To
study the role of B-Raf and Raf-1 in B cell development and activation, we
inactivated Braf and Raf1 alone and in combination specifically in B cells. We
demonstrated that Raf-1 and B-Raf acted together in controlling the positive
selection of pre-B and transitional B cells. Moreover, we found that Raf-1 and B-Raf
were not necessary to mediate phosphorylation of ERK in mature and activated B
cells but rather attenuated the amount of phosphorylated ERK (pERK) in these cells.
In contrast, both Raf-1 and B-Raf played an important role in inducing the sharp

increase in ERK phosphorylation that occurs at the onset of PC differentiation.

Results

B cell-specific combined inactivation of Braf and Raf1 decreases B cell
numbers in the periphery

To analyze the role of Raf-1 and B-Raf in B cell development and activation,
homozygous floxed Raf1 (Raf1""), Braf (Braf"") or double floxed mice
(Braf"||Raf1"") were mated to the Mb1-Cre strain (12) to generate Raf1"?//Mb1-Cre
(Raf-1 KO), Braf”f//Mb1-Cre (B-Raf KO) and Braf""//Raf1"//Mb1-Cre (DKO) mice.
The combination of the conditional Raf alleles with the Mb1-Cre strain resulted in B
cell-specific deletion of the floxed Raf exons (fig. S1, A and B) and the absence of
B-Raf and Raf-1 proteins in B cells (fig. S1C) after Cre-mediated recombination (fig.
S1C).

Raf-1 KO and DKO mice displayed reduced total B cell numbers in the BM (Fig. 1A).
To define whether the B cell reduction was due to a block in B cell development, we

examined the different B cell populations in the BM using fluorescence-activated cell



sorting (FACS) after staining for the surface markers CD43 and B220. B cells that
develop from pro- to pre-B cells decrease their CD43 abundance. Some B cells
migrate back from the periphery into the BM. In contrast to developing B cells, these
so-called recirculating B cells, express higher amounts of B220 and are IgD*. The
FACS analysis revealed that the B cell reduction in the BM is mainly due to a
reduction of pre- and immature (CD43°B220'°%) and recirculating
(CD43-B220MdrigM*IgDMe") B cells (Fig. 1B and fig. S2, A to C). Higher percentages
of CD43*B220'°% B cells in DKO mice in comparison to controls suggested a partial
maturation block from pro- to pre-B cells (fig. S2A). To further delineate this
differentiation block, CD43*B220"" (pro- and early pre-B cells) cells were further
subdivided in Hardy’s fractions A to C" by FACS after staining for the surface
markers BP-1 and CD24 (2) (Fig. 1C). The presence of these two markers increases
when pro-B cells proceed in their development from fraction A to C". In DKO B cells,
the percentage of fraction C was increased whereas that of fraction C" was
decreased (fig. S2D), resulting in a significantly lower ratio between the percentages
from fraction C* (CD24M9"BP-1*) and fraction C (CD24*BP-1*) in DKO mice than in
the other genotypes (Fig. 1D). These data indicated an impaired transition from late

pro- to early pre-B cells in B cells lacking functional Braf and Raf1 genes.

Splenic weights and B cell numbers were significantly decreased in DKO mice in
comparison to the control (Fig. 2A). The B cell reduction affected mostly Fo B
(CD21*CD23MdgM) cells, which were, in contrast to MZB (CD21Ms"CD23'°%) cells,
significantly reduced (Fig. 2, B and C). The splenic architecture, including a clear
separation between B- and T-cell zones and the marginal zone, was preserved in B-

Raf KO and Raf-1 KO (SKO) and DKO mice (fig. S3A). In inguinal lymph nodes



(iLN), B cell numbers were comparable among the knockouts and controls (fig. S3B).
In addition, the percentage of B1a cells (B220°“CD5*) was lower in the peritoneal
cavities of DKO mice in comparison to the control and SKO mice. Compared to the
controls, RAF-1 KO mice showed a slight decrease in the percentages of B1a cells.
(Fig. 2D, fig. S3C). Taken together, these data suggested a function for B-Raf and

Raf-1 in controlling the development and/or maintenance of Fo B and B1a cells.

Deficiency of B-Raf and Raf-1 impairs the influx and differentiation of immature
B cells in the periphery

To investigate whether the reduced Fo B cell numbers in the spleens of DKO mice
were caused by impaired influx or differentiation of immature B cells, we analyzed
the amount of transitional AA4.1*IgMM9"CD23" (T1), AA4.1*IgM"es"CD23"* (T2), and
AA4.1*IgM°P¥CD23* (T3) B cells in the spleens of all three knockout genotypes and
controls by FACS. The numbers of transitional B cell subsets were decreased in the
spleens of DKO and SKO mice in comparison to controls, indicating a reduced influx
or differentiation in the absence of RAFs (Fig. 3A). The T2 population was more
affected than the T1 population, resulting in a decreased T2/T1 ratio in mutant
compared to control mice (Fig. 3B). These data illustrate a partial maturation block
from T1 to T2. A less pronounced phenotype was detected in SKO mice (Fig. 3B),
suggesting that B-Raf and Raf-1 act together in supporting the survival and

differentiation of transitional B cells.

To determine the influx of immature B cells from the BM into the periphery and to
investigate the survival of mature B cells, we performed Bromodeoxyouridine (BrdU)

pulse-chase experiments (Fig. 3C). Because proliferation of B cells takes place



mainly during their development in the BM, mostly recent emigrants from the BM are
labelled with BrdU at the end of the pulse. The percentages of BrdU* B cells at the
end of the pulse were significantly lower in Raf-1 KO and DKO mice than in B-Raf
KOs or controls (Fig. 3C), indicating a reduced efflux of newly formed B cells from
the BM into the periphery. This phenotype is in accord with the decreased numbers
of immature B cells (CD43°B220°%) in the BM of RAF-1 KO and DKO mice (Fig. 1B).
Setting BrdU* cells at the end of the pulse (day 14) to 100% yielded nearly the same
decline in the percentages of BrdU* B cells in all four genotypes at days 42 and 70
after the pulse (Fig. 3C), indicating a comparable life span of mature B cells in the
periphery. Thus, in comparison to controls, Raf-1 KO and DKO mice had a reduced
B cell efflux from the BM, but the survival and persistence of mature B cells in the
periphery was comparable among all four genotypes. Consistent with these findings,
splenic B cells isolated from mice of all four genotypes showed similar survival when
cultured in vitro in the presence or absence of CD40 stimulation (Fig. 3D).
Collectively, these data demonstrate that the reduced B cell numbers in the spleens
of DKO mice were caused by impaired influx and differentiation of newly generated B

cells.

B-RAF and RAF-1 DKO mice have impaired immune responses

We analyzed the humoral immune responses in mice lacking B-Raf and/or Raf-1. To
study the TD immune response, mice were immunized with the TD antigen
nitrophenyl chicken-y-globulin (NP-CGG) and analyzed 14 days later.
Immunohistochemical analysis of the spleens showed GCs with a comparable

structure and size (Fig. 4A), and FACS analysis revealed comparable percentages of

GC (PNA*CD95") B cells (Fig. 4B, fig. S4A) in control and mutant mice. However,



NP-specific IgM and IgG1 antibody titers were lower in DKO mice than in controls or
SKO mice (Fig. 4C), suggesting impairment of TD immune responses in the absence

of B-Raf and Raf-1.

To analyze whether Tl immune responses were comparably affected, we immunized
DKO and control mice with NP-LPS (a TI-1 antigen) and NP-Ficoll (a TI-2 antigen).
Seven days after immunization with NP-LPS, the percentages of total plasmablasts
(Fig. 4D), the amounts of NP-specific IgM, 1gG1, IgG3, and IgA antibody-secreting
cells (ASCs) (Fig. 4E and fig. S4B), as well as the NP-specific IgM, 1gG1, IgG2a, and
IgG3 antibody titers in the serum (Fig. 4F) were decreased in DKO mice in
comparison to controls. Similarly, immunization with NP-Ficoll resulted in reduced
numbers of NP-specific IgM and IgG3 ASCs in the spleen and decreased titers of
NP-specific antibody titers in the serum in DKO mice in comparison to controls (fig.
S4, C and D). Altogether, our data suggest that plasma cell (PC) differentiation was

impaired upon immunization of DKO mice.

LPS-stimulated DKO B cells are impaired in proliferation and PC differentiation
To test whether the reduced antibody production in DKO mice upon immunization
was due to the reduced number of B cells or to impaired PC differentiation, we
compared the ability of B cells from DKO and control mice to differentiate into
plasmablasts (PBs) in vitro. To this aim, splenic B cells were isolated and cultured
with lipopolysaccharide (LPS) for 3 days and subsequently stained for markers that
are either increased or decreased during the course of PC differentiation (Fig. 5A).
We found that on day 3 of LPS stimulation the percentage of PB (CD138"9"B220'°Y)

cells in the cultures was sharply reduced in cells from DKO mice relative to cells from



control mice (Fig. 5B, fig. S5A). In DKO B cells, LPS stimulation increased IRF4
production (fig. S5B), but the percentage of BLIMP-1* B cells was strongly reduced
compared to control B cells (Fig. 5C). Moreover, the remaining BLIMP-1* DKO B
cells failed to adopt a PB phenotype (B220°“CD138*) (Fig. 5D). Furthermore, the
percentages of the Irf4"s"Pax5'°% cell population containing the pre-PBs and PBs
were significantly reduced in DKO B cells (Fig. 5E). Within the fraction of
IRF4NghPAXS5o% cells, PB (B220'°"CD138"9") cells were more strongly reduced than
were pre-PB (B220*CD138™¢9) cells (Fig. 5F, fig. S5C). These data imply that DKO B
cells could still be properly activated but were strongly impaired in their transition
from activated B cells to pre-PB cells as well as in their further differentiation into

PBs.

Because B cells must divide several times before they differentiate into quiescent
PCs, we asked whether impaired proliferation is responsible for the block in PC
differentiation of DKO B cells. DKO B cells proliferated to a lesser extent than did
control B cells upon LPS stimulation (Fig. 5G). In addition, the percentage of
CD138MdghB220'°¥ PB cells in each cell division was reduced in DKO cells in
comparison to control B cells (Fig. 5H, fig. S5D), indicating that the reduced PC
percentages were not only due to decreased proliferation of DKO B cells but also to

a defect in PC differentiation.

MEK and ERK are phosphorylated in the absence of B-Raf and Raf-1
Activation of Erk1 and Erk2 (ERK1/2) is essential for the differentiation of B cells to
PCs (11). Because B-Raf and Raf-1 are part of the RAF-MEK-ERK signaling
cascade, we hypothesized that PC differentiation of B cells from DKO mice was

impaired due to reduced ERK phosphorylation. However, phosphorylated ERK



(PERK) amounts increased in DKO B cells during LPS stimulation and were even
slightly higher than in control B cells at day 3 (Fig. 6A). Additionally, short-term
stimulation with LPS and an antibody specific for IgM induced ERK1/2
phosphorylation in both DKO and control cells, reaching higher amounts of pERK in
DKO than in control B cells (Fig. 6, B and C, fig. S6, A and B). Amounts of
phosphorylated MEK (pMEK) followed a similar trend as pERK, being slightly higher
in DKO than in control B cells (Fig. 6, B and C, fig. S6, A and B). Furthermore, DKO
B cells exhibited increased and prolonged amounts of pERK in the nucleus upon
LPS stimulation (Fig. 6D). FACS analysis confirmed that inactivation of B-Raf and
Raf-1 led to significantly increased basal amounts of pERK in splenic Fo B and MZ B
cells (Fig. 6E), as well as in recirculating B cells of the BM (Fig. 6, F and G). In
contrast, in all other analyzed B cell populations of the BM, ERK phosphorylation
was comparable in DKO and control mice and was lower than in recirculating B cells
(Fig. 6G). These data suggest that in mature B cells, ERK phosphorylation is
independent of B-Raf and Raf-1. Furthermore, RAFs are most likely involved in a

negative feedback loop attenuating ERK phosphorylation in mature B cells.

Chemical RAF-inhibitors increase the ERK-phosphorylation in mature B cells
A-Raf, the third member of the RAF family, was comparably abundant in B cells from
control and DKO mice (fig. S7A). To determine whether A-Raf mediated the
phosphorylation of ERK in DKO B cells, we measured ERK phosphorylation in B
cells from DKO mice in the presence of the pan-RAF inhibitors Sorafenib,
Dabrafenib, and LY3009120. We included LY3009120 in our analysis because it
induces no or only minimal paradoxical ERK activation and inactivates all three RAF

isoforms with equivalent efficiency (73). All three pan-RAF inhibitors resulted in an



increase in ERK phosphorylation in control B cells that were unstimulated or treated
with an IgM-specific antibody (Fig. 7, A and B, fig. S7, B to E). Moreover, neither
LY3009120 nor Sorafenib attenuated ERK phosphorylation in DKO B cells that were
unstimulated or IgM-stimulated (Fig. 7, A and B, fig. S7E). Similarly, LY3009120 did
not reduce ERK phosphorylation in LPS-treated B cells and instead resulted in
increased amounts of pERK (fig. S7F). These data indicate that A-RAF does not
mediate the ERK phosphorylation in the absence of B-Raf and Raf-1. Moreover,
these results show that both pharmacological RAF inhibition and genetic inactivation

of B-Raf and Raf-1 increased the amounts of pERK in mature B cells.

In B cells, ERK is phosphorylated by the PI3K-AKT and RAC-PAK pathways
We next analyzed whether the absence of B-Raf and Raf-1 had any effect on other
BCR-induced signaling pathways. BCR stimulation induces rapid phosphorylation of
its immunoreceptor tyrosine-based activation motifs (ITAMs) followed by the
recruitment of the tyrosine kinase SYK. Phosphorylated SYK activates several
downstream pathways, such as phospholipase-Cy2 (PLC-y2), nuclear factor kB (NF-
kB), and PI3K-Akt signaling as well as the MAP kinases c-Jun N-terminal kinases
(JNKs), ERK, and p38. We did not detect any significant differences in the activation
of SYK or its downstream targets in DKO cells compared to control B cells upon IgM
stimulation (fig. S8, A to E). To better understand which signaling pathways led to
the activation of ERK in the absence of B-Raf and Raf-1, we investigated BCR-
induced ERK phosphorylation in the presence of chemical inhibitors. Inhibition of
SYK phosphorylation by the addition of p505-15 strongly reduced ERK
phosphorylation in stimulated and unstimulated B cells (Fig. 7C, fig. S9A),

suggesting that activation of SYK is essential for ERK phosphorylation. To further



dissect the signaling pathways resulting in ERK phosphorylation downstream of
SYK, we treated the B cells with chemical inhibitors targeting the PISK-AKT, RAC-
PAK (p21-activated kinase), and NF-kB signaling pathways (74). Both the AKT
inhibitor AKTi-1/2 (Fig. 7C, fig. S9A) and the PI3K inhibitor LY294002 (Fig. 7D, fig.
S9B) partially attenuated ERK phosphorylation in B cells stimulated with an IgM-
specific antibody. The SYK, AKT, and PI3K inhibitors also abolished AKT
phosphorylation as expected, demonstrating the successful inhibition of the
respective signaling molecules (Fig. 7, C and D, fig. S9, A and B). These data
indicate that in DKO B cells, ERK was activated at least partially by PI3K-AKT
signaling. Earlier data suggested that PAK, which can activated by RAC either PI3K-
dependently or -independently, activates ERK (715-18). Indeed, addition of the PAK
inhibitor PF-3758309 also diminished ERK phosphorylation (Fig. 7E, fig. S9C),
whereas the NF-kB inhibitor IKK2-inhibitor8 did not influence pERK amounts (fig.
S9D). PI3K-dependent ERK phosphorylation seemed also to occur upon LPS
stimulation, because inhibition of PI3K signaling by LY294002 decreased pERK
amounts in LPS-stimulated B cells (fig. S9E). These data suggest that in B cells,
ERK is activated by Raf-independent signaling pathways, such as PI3K-AKT and

RAC-PAK, whereas the RAFs appear to affect the amounts of pERK negatively.

To test whether ERK phosphorylation was essential for the survival of B cells, we
treated LPS-stimulated splenic B cells from control and DKO mice with the MEK
inhibitor UO126 and analyzed the survival of LPS-stimulated B cells after three days
of culture. UO126 strongly impaired the ex vivo survival of isolated B cells from both
genotypes (fig. S10A). The few remaining control and DKO B cells that survived

culture in the presence of UO126 had amounts of pERK similar to those in DMSO-



treated control cells (fig. S10B). These data imply that a certain amount of ERK

activation is necessary for the survival of B cells in vitro.

ERK phosphorylation is reduced in pre-PBs of DKO mice

Our data suggested that the impaired PC differentiation of B cells from DKO mice
was not due to a reduction in ERK phosphorylation during initial B cell activation.
Because genetic inactivation of ERK1/2 showed a very similar phenotype in PC
differentiation (717) as did the inactivation of Raf-1 and B-Raf, we wondered whether
ERK phosphorylation in DKO B cells was disturbed during PC differentiation. To
address this question, we quantified pERK and total ERK in ex vivo isolated
unstimulated B cells (naive B cells (IRF4'°“PAX5"9") d0), and in B cells that were
stimulated with LPS for 3 days. LPS stimulated B cells were be further subdivided in
activated B cells (IRF4MPAX5M9"), pre-PBs (IRF4"s"PAX5'°CD138°“B220*), and
PBs (IRF4Ms"PAX5'°vCD138M9"B220'°Y) (Fig. 8A and B). In B cells from control and
DKO mice, the amounts of pERK increased similarly at the transition from naive to
activated B cells. However, at the transition from activated B cells to pre-PBs,
controls showed a very strong increase in pERK amounts, whereas this increase
was significantly diminished in DKO B cells (Fig. 8, C and D). Total amounts of ERK
increased slightly and comparably in both control and DKO B cells over the course of
PC differentiation (Fig. 8, C and D). Calculation of the pERK/ERK ratio at different
stages of B cell differentiation revealed that significantly more ERK was
phosphorylated in pre-PBs and PBs from control mice compared to cells from DKO
mice (Fig. 8E). To exclude that the remaining PBs generated from DKO B cells
originated from B cells that had not deleted the floxed Braf and Raf-1 exons, we

amplified the loxP-flanked DNA region in DKO and control mice from B cells that



were cultured in the presence of LPS. At day 3, CD19*CD138°B220* B2 cells and

CD19*CD138"9"B220'°" PBs were sorted (fig. S11A). In both B cell populations from
DKO mice, we detected only the deleted but not the floxed alleles (fig. S11B). These
results confirm that the few PBs that were generated in DKO mice did not have intact

Braf or Raf1 alleles.

We conclude from these data that B-Raf and Raf-1 are neither essential for basal
ERK phosphorylation in naive B cells nor for the increased ERK phosphorylation in
activated B cells. However, RAFs are needed to mediate the strong enhancement of
ERK phosphorylation at the transition from activated B cells to pre-PBs. Notably, in
DKO mice, the partial block in PC differentiation coincided with the differentiation
stage in which ERK phosphorylation strongly increases. These data suggest that a
sharp increase in ERK phosphorylation is a prerequisite for PC differentiation. We
suppose that only a small number of DKO B cells reach this threshold amount of
pERK, explaining the strong drop in the percentages of pre-PB and PB in DKO in

comparison to control mice.

Discussion

Throughout their development and activation, B cells depend on signals from the
BCR and members of the TNF-R family, such as CD40 and the B-cell activating
factor receptor (BAFF-R), all of which activate the MAPK-ERK pathway (4, 19-24).
Although it is well established that the kinases RAF take part in MAPK signaling
upstream of MEK1/2, the specific role of the three different RAF family members in B

cell development and activation is still elusive. We describe here a function of B-Raf



and Raf-1 in the transition of pro-B cells to pre-B cells, in the differentiation of

transitional B cells to mature B cells, and in the differentiation of PCs.

Several lines of evidence suggest that the RAS-RAF-MEK-ERK signaling pathway is
activated downstream of the pre-BCR and is involved in the positive selection of pre-
B cells (5-7, 25-27). However, the role of RAFs in this selection process has not
been analyzed in detail. Our data imply that B-Raf and Raf-1 act together in
mediating positive selection downstream of the pre-BCR, with Raf-1 apparently
playing a more prominent role than B-Raf. We did not detect any difference in pERK
amounts in pro- and pre-B cells between DKO and control mice, perhaps because
only B cells that reach a certain amount of ERK phosphorylation can survive the

selection processes in pre-B cells and transitional B cells.

Impaired survival and/or differentiation of pre-B cells in the BM and T2 cells in the
spleen resulted in strongly reduced B cell numbers in the periphery of DKO mice
compared to control mice. Mature B cells from DKO mice could still form GCs but
were impaired in their PC differentiation in vivo and in vitro. Because ERK1/2 DKO B
cells show a similar defect in PC differentiation (77) we expected the block of PC
differentiation in DKO mice to be due to impaired ERK phosphorylation upon
stimulation. However, unexpectedly, ERK phosphorylation was not attenuated in
naive or activated DKO B cells and was even higher than in DKO B cells than in
control B cells. Only at the onset of PC differentiation, when, as we have shown
here, ERK phosphorylation sharply increases, was ERK phosphorylation reduced by

the absence of B-Raf and Raf-1.



Comparably to the genetic inactivation of B-Raf and Raf-1, ERK phosphorylation
also increased after addition of chemical pan-RAF inhibitors. The increase in ERK
phosphorylation in the presence of pan-RAF inhibitors must be interpreted with
caution, because low concentrations of pan-RAF inhibitors, such as Dabrafenib and
Sorafenib, can lead to paradoxical MEK-ERK activation by inducing RAF
dimerization (28-37). However, the several points suggest that the increased ERK
phosphorylation was not caused by paradoxical ERK activation in our experiments.
First, ERK phosphorylation increased in B cells with increasing amounts of RAF-
inhibitors, whereas paradoxical ERK activation is mainly observed by the addition of
low concentrations of RAF inhibitor (28, 37). Secondly, the pan-RAF inhibitor
LY3009120, which has been described to induce no or only minimal paradoxical
ERK activation (713), increased ERK phosphorylation comparably to Sorafenib and
Dabrafenib. Moreover, ERK phosphorylation was increased by both genetic
inactivation and by chemical inhibition of B-Raf and Raf-1. Thus, our data suggest
that in mature murine B cells, kinases of the RAF family are not essential for ERK

phosphorylation, but are rather involved in a negative feedback loop.

Murine B cells also produce the third family member, A-Raf, which might form
homodimers in the absence of B-Raf and Raf-1 and thus activate the MEK-ERK
signaling pathway (32). However, because even the paradox-breaking inhibitor
LY3009120, which inhibits A-Raf, B-Raf, and Raf-1 with similar efficiencies (713), did
not attenuate ERK phosphorylation in control or DKO B cells, we assume that A-Raf
is not the main player for ERK activation in B cells. Instead, our data indicate that
ERK activation is mediated by various RAF-independent signaling pathways acting

downstream of SYK, such as PI3SK-AKT and RAC-PAK. PAK, a serine-threonine



kinase, is activated through RAC either PI3K-dependently or PI3K-independently
(76-18, 33). Both PI3K and PAK as well as PLC-y have been described earlier to
promote the activation of ERK (74, 17, 33-36). These data suggest that ERK is
activated in naive and activated B cells through a concerted action of PI3K-AKT,
RAC-PAK, and PLC-y, whereas RAFs appear to attenuate ERK phosphorylation in
naive and activated B cells even though they are the main signaling molecules that

usually induce the phosphorylation of MEK-ERK in other contexts (Fig. 8F).

This RAF-dependent negative feedback loop may be mediated by dual-specificity
MAP kinase phosphatases (MKPs/DUSPs), such as DUSP5 and DUSP6, which
dephosphorylate and inactivate ERK (37). It has been suggested that RAFs are
involved in modulating the function and production of DUSPS5 (38). Thus,
deregulation of DUSP5 in RAF DKO B cells might lead to the disturbed ERK
phosphorylation we observed in naive and activated B cells. The negative effect of
RAF kinases on pERK amounts may be a peculiarity of B cells, in which tonic BCR
signaling is constitutively active. Thus, a negative regulatory mechanism might be
required to prevent overshooting of ERK phosphorylation to protect naive and

activated B cells from premature differentiation into PCs.

A negative regulatory function of RAFs appears to have arisen later in evolution,
because inactivation of B-Raf and Raf-1 in the chicken lymphoma DT40 cell line
prevents phosphorylation of ERK after stimulation with an IgM-specific antibody (39).
In contrast, kinases of the RAF family seem to act as positive regulators during the
course of PC differentiation, mediating the steep rise in ERK phosphorylation that is

a prerequisite for the initiation of PC differentiation (Fig. 8F). Constitutively increased



ERK phosphorylation in DKO B cells may further contribute to the attenuated
increase in ERK phosphorylation at the onset of PC differentiation. Earlier results
underline this hypothesis: Continuous BCR stimulation resulting in continuous ERK
phosphorylation inhibits PC differentiation triggered by Toll-like receptors (TLRs).
Moreover, anergic B cells, which are continuously triggered by self-antigen and
therefore have constantly high ERK phosphorylation, are strongly impaired in PC
differentiation (40-42). It has been noted that, on the one hand, ERK phosphorylation
is coupled with cell division in B lymphocytes but, on the other hand, is necessary to
induce PC differentiation that is coupled with cell cycle arrest (43). We now provide
evidence that different amounts of ERK activation influence the cell fate of activated
B cells. Thus, moderate amounts of ERK phosphorylation may be coupled with
proliferation, whereas a high intensity of ERK activation induces PC differentiation.
Maximal ERK phosphorylation is also essential for other differentiation processes
such as the development of the central nervous system, in the skin, and during

embryogenesis (44).

Collectively, we present here the finding that kinases of the RAF family dampen
rather than stimulate ERK phosphorylation in naive and activated B cells.
Furthermore, we provide evidence for an important function of RAF kinases in the
regulation of ERK phosphorylation during PC differentiation. Our data may have
some implications for the clinic. Our results demonstrating the important function of
RAFs during PC differentiation suggest that constitutive active RAF signaling may
enhance PC differentiation and may explain why 4% of multiple myelomas harbor
the activating BRAF"®%F mutation (45). Taking into account the negative regulatory

function of RAF kinases on ERK phosphorylation in B cells, one might predict that



treatment of most B cell ymphomas with pan-RAF inhibitors would increase rather

than decrease ERK phosphorylation.

Materials and Methods

Antibodies
The different antibodies used in FACS, ELISA, ELISpot, Western blot, protein simple
WES (WES) and Immunohistochemistry (Histo), their conjugation, the clone name

and the company as well as their dilutions are listed in table S1.

Mice

Raf1"" (46), Braf"" (47), and Raf1"7//|Braf”" mice were crossbred to Mb1-cre mice
(72) resulting in deletion of the Raf genes from early B cell development onwards. All
mouse strains were on a C57BL/6 background and were analyzed at 8-20 weeks of
age. The B cell phenotype in the BM and secondary lymphoid organs was examined
in the single transgenic (SKO) and double transgenic (DKO) mice. For further
analysis of the PC differentiation, we concentrated on the DKO mice. As controls
Mb1-Cre or WT mice were used, which had in our analyses the same phenotype.
Analyses were performed on both male and female mice and data were analyzed in
an unblinded way. Control and mutant mice were always examined in parallel.
Primers for the amplification of the floxed RAF-genes are listed in table S2. Sample
sizes, numbers of independent experiments and statistical analyses are described in
the figure legends.

Mice were maintained in specific pathogen-free conditions. Experiments were

performed in accordance to the German Animal Welfare Act and were approved by



the institutional committee on animal experimentation and the Government of Upper-

Bavaria.

Mouse immunizations

For immunization 8- to 16-weeks-old mice were injected intraperitoneally with either
100ug alum-precipitated nitrophenylacetyl chicken gamma globulin (NP-CGG;
Biosearch Technologies, Novato, CA), 50ug NP-Ficoll (Biosearch Technologies) or
25 ug NP-LPS (LGC Biosearch). Mice were analyzed 14 days after immunization

with NP-Ficoll or 7 days after immunization with NP-LPS.

Cell purification and in vitro cultures

B cells were isolated from splenic cell suspensions by depleting CD43* cells with
magnetic beads (Miltenyi Biotec). As indicated in each figure, splenic B cells were
cultivated up to five days to test their survival in vitro and up to 3 days to analyze
their proliferation and PC differention upon LPS stimulation in vitro. Therefore,
splenic B cells were cultivated in RPMI medium supplemented with 10 % (v/v) heat-
inactivated fetal calf serum (FCS) (PAA Cell culture Company), 1 % (v/v)
penicillin/streptomycin, 1 % (v/v) sodium pyruvate, 1 % (v/v) L-glutamine, and 50uM
B-mercaptoethanol. Except for FCS, all supplements were purchased from Gibco. As
stimuli lipopolysaccharide (10 pg/ml; E.coli 055:B5; Sigma) or an agonistic antibody
against CD40 (2.5 ug/ml; eBioscience [HM40-3]) were used. For proliferation assays,
B cells were stained with 5uM 5-(and 6)-carboxyfluorescein diacetate N-succinimidyl
ester (CFSE) (Molecular Probes) for five minutes at 37°C before culturing them. To
analyze the signaling pathways after short time stimulation, B cells were stimulated

either with an antibody specific for IgM (15ug/ml; AffiniPure F(ab’)2 goat anti-mouse



IgM, p-chain, Dianova) for 2.5min or with lipopolysaccharide (10 pg/ml; E.coli
055:B5; Sigma) for 1min or 5min. The stimulation was performed in RPMI containing
1% FCS plus supplements. Prior to stimulation, the B cells were incubated in RPMI
with 1% FCS and supplements for 1 hour. B cells were incubated with small
chemical inhibitors against the RAF-kinases in different concentrations as indicated
in the figures. The following inhibitors were used in our assays: (i) RAF-inhibitors:
LY3009120 (0.1uM-10uM), Selleckchem; Sorafenib (1uM-10uM), Bayer HealthCare;
Dabrafenib (1uM-10uM), Selleckchem; (ii) PI3-kinases inhibitor: LY294002 (6uM or
20uM), Cell Signaling Technology; (iii) SYK-kinase inhibitor: P505-15 (0.5uM),
Selleckchem; (iv) PAK-kinase inhibitor: PF-3758309 (5uM or 10uM), Sellekchem; (v)
AKT-kinase inhibitor: AKT8=AKTi-1/2 (5uM), Merck; (vi) IKK2 inhibitor: IKK2-
inhibitor8 (5uM), Merck; (vii) MEK-kinase inhibitor: UO126 (10uM), Cell Signaling
Technology, Inc. The solvent of the inhibitor DMSO (Dimethylsulfoxide, Sigma Life
Science) was used as control. Inhibitor treatment of the cells: Before stimulation, B
cells were incubated in RPMI containing 1% FCS plus supplements for half an hour

in the absence of the inhibitor and then for 1.5 hours in the presence of the inhibitor.

ELISA and ELISpot

ELISA was performed as described in Rastelli et al. (48). The absorbance was
measured in an ELISA reader (Photometer Sunrise RC, Tecan) at OD4os. For
antigen-specific ELISpot, 96-well plates for ELISpots (Milipore) were coated with
NP4- or NP16-BSA (Biosearch Technologies). ELISpot analyzes were performed as
described (48, 49). Spots were analyzed and counted with the ImmunoSpot Series 5

UV Analyzer (CTL-Europe). The antibodies used are listed in Table S1.

FACS



Antibodies used for flow cytometry are listed in Table S1. The primary antibody
against ERK, phospho-ERK (pT202/pY204) and their isotype control (DA1E) were
stained by the goat anti-rabbit IgG (H+L) (Invitrogen). For intracellular FACS
stainings (BLIMP1, PAX5, IRF4, ERK, and phospho-ERK), cells were fixed with 2%
paraformaldehyde and permeabilized with methanol. To include only living cells into
the analysis, cells were stained for 5min on ice either with TO-PRO-3 (Molecular
Probes) prior to the FACS analysis or with LIVE/DEAD™ Fixable Blue Dead Cell
Stain Kit (invitrogen) prior to fixation of the cells. FACS data were acquired with a
FACSCalibur™ or FACSFortessa (BD Biosciences). Results were evaluated using

CellQuest™ or FlowJo (Treestar).

BrdU pulse-chase experiment

Pulse-chase BrdU experiments were performed to determine the survival of B cells
in vivo. Mice were fed with 0.8 mg/ml BrdU in their drinking water for 14 days during
the pulse period. The BrdU™ cells in the blood were tracked until day 70 during the
chase period. Blood samples were taken at days 7, 14, 42 and 70. Percentages of
BrdU* B cells were determined by flow cytometry analysis using the APC BrdU Flow

Kit (BD Bioscience).

Immunohistochemistry

Histology was performed as described in (60). The antibodies used are listed in
Table S1. Slides were evaluated with an Axiovert 135 (Zeiss, Jena, Germany)
microscope with PL 10x/20 eyepiece and a 10x/0.30 Plan-Neofluar objective lens.
Pictures obtained with a RS Photometrics digital camera (Tucson, AZ) were

processed with Adobe Photoshop CS3 software.



Western blot analysis

Protein extract preparation and Western blot analysis were performed as previously
described by Homig-Holzel et al. (21). The antibodies used for Western blot analysis
are listed in Table S1. The Western blots were analyzed either by film (Agfa
Healthcare) exposition, subsequent development and scanning (EPSON Expression-
1680Pro Scanner) or by the Vilber Fusion FX6 Edge imager. For quantification of the
analogous films ImageJ/Fiji was used. The digital images were quantified by the
Vilber Bio-1D software. The abundance of the different proteins were normalized to
their inherent loading control (Tubulin or GAPDH). The fold increase in protein
amounts was calculated by dividing the normalized abundance of the protein in each

sample by the normalized abundance of the protein in the inherent control samples.

ProteinSimple WES

B cells were kept unstimulated or were stimulated with lipopolysaccharide (10 pg/ml;
E.coli 055:B5; Sigma) between 0.5min and 20min in RPMI containing 1% FCS plus
supplements. Nuclear extracts were isolated using the NE-PERKIt (ThermoScientific,
Waltham, MA). The pERK and Lamin B2 (antibodies see Table S1) protein
abundances were analyzed by the WES system (ProteinSimple), according to the

manufacturer’s instructions.

Statistics
The Prism software (version 7-9, GraphPad software) was used to perform all the
statistical analyses including testing for distributions and equal variances, calculating

means, standard deviations and performing ANOVA. This software was also used to



obtain all the statistical plots. The different tests for statistical analyzes are indicated

in the Figure legends. Experiments and analysis were not performed in a blinded

manner.
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Figure Legends:

Fig. 1. Impaired B cell development in DKO mice. (A) Total numbers of living
B220" B cells in the BM of control (WT and Mb1-Cre mice combined), Braf and Raf1
single-knockout (KO) and double-knockout (DKO) mice. N = 6-10 mice per group.
(B) Numbers of pro-B and early pre-B cells (CD43*B220'°%), late pre-B and immature
B cells (CD43°B220'°%), as well as recirculating (CD43°B220"9") B cells in the
indicated genotypes. N = 5-7 mice per genotype. The gating strategy for the B cell
fractions in the BM is shown in fig. S2, A and B. (C) Fractions A-C" according to the
classification of Hardy et al. (2). The plots are gated on living B220*CD43*
lymphocytes (pro-B and early pre-B cells). Fraction A: BP-1"CD24~; fraction B: BP-
1-CD24*; fraction C: BP-1*CD24"; fraction C": BP-1*CD24"9" as labelled in the
FACS plots of WT B cells. Numbers in the plots indicate means + SD of fractions A
to C’. FACS plots are representative for N = 6-9 mice per genotype. (D) The graph
shows the ratio of percentages between fractions C" and C. N = 6-9 mice per
genotype. Dots in the graphs (A), (B) and (D) represent values from individual mice,
the lines represent the means. Controls are either WT or Mb1-Cre mice. Statistics in
(A), (B) and (D) were calculated with an ordinary one-way ANOVA with Dunnett’s

multiple comparison with * P<0.05, *** P<0.001.

Fig. 2. Reduced B cell numbers in the periphery of DKO mice. (A) Spleen weight
and splenic B cell (B220") numbers in control (Mb1-Cre and WT mice combined),
Braf and Raf1 single-knockout (KO) and double-knockout (DKO) mice. N = 10-20
mice per genotype (splenic weight), N = 6-10 mice per genotype (B cell numbers).
(B) Percentages of MZ B (CD21"9"CD23'°%) and Fo B (CD21™CD23"9") cells in the

spleens of mice with the indicated genotypes. The plots are gated on living B220*



lymphocytes. (C) Total numbers of Fo B and MZ B cells in the spleens of mice with
the indicated genotypes and gated as indicated in (B). Data in (B) and (C) are from N
= 6-10 mice per genotype. (D) Percentages of B1a cells (B220'°“CD5*, red circle) in
the peritoneal cavities of mice with the indicated genotypes. Plots are gated on living
IgM* lymphocytes. Quantitative analysis for B1a cells is shown in fig. S3C. Data are
representative of N = 7-15 mice per genotype. Dots in (A) and (C) represent values
from individual mice and the lines indicate the means. Controls are either WT or
Mb1-Cre mice. Numbers in the FACS plots in (B) and (D) indicate the means + SD of
the percentages of the gated populations. Gated populations are labelled in red in
the FACS plots of WT mice. Ordinary one-way ANOVA with Dunnett’s multiple

comparison was performed with * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.

Fig. 3. Reduced influx and differentiation of immature B cells in DKO mice. (A)
Percentages and cell numbers of T1 (IgMMehCD23~), T2 (IgMM9"CD23*), and T3
(IgM'°“CD23"*) cells in the spleen of control (WT, ctrl) and Braf and Raf1 single-
knockout (KO) and double-knockout (DKO) mice. The sample control FACs plot
represents a WT mouse; the quantitative data include both WT and Mb1-Cre mice as
the control (ctrl). The plots are gated on living B220*AA4.1* lymphocytes. Numbers
in the FACS plots indicate means +/-SD of the percentages of the gated populations.
The T1, T2 and T3 cell populations are indicated in red in the FACS plot of the WT
control. (B) Ratio of the percentages of T2 to T1 cells in mice of each genotype. Dots
in the graphs from (A) and (B) represent values from individual mice, and the lines
represent the means. Data in (A) and (B) are from N = 6-10 mice per genotype (C)
Percentages of BrdU* B cells in the blood during the pulse and chase at the

indicated time points and analysis of the decline in BrdU™* cells by setting the



percentages of BrdU™ cells at the end of the pulse (day 14) to 100%. The values of
the different genotypes at day 42 and 70 were calculated in relation to 100% BrdU*
cells at day 14. (D) Percentages of living (TO-PRO-37) B cells of the indicated
genotypes cultured without or with CD40-stimulation up to 5 days. Data in (C) and
(D) are from N = 3 independent experiments, depicting the mean of 3 mice per
genotype. Each time point was analyzed separately. Brown/Forsythe and Welch
one-way Anova with Dunnett’'s multiple comparison (A), and ordinary one-way

ANOVA with Dunnett’'s multiple comparison (B) to (D). * P<0.05, ** P<0.01.

Fig. 4. Impaired immune responses in DKO mice. (A) Immunohistochemistry of
spleens from WT, Braf and Raf1 single-knockout (KO) and double-knockout (DKO)
mice immunized with the TD antigen NP-CGG. Tissue was stained with PNA (blue)
and an antibody specific for IgM (red) to detect germinal centers (GC) and B cell
areas. n.i., non-immunized WT mice. Data are representative for N = 2 mice for B-
Raf KO and Raf-1 KO, and N = 3 mice for WT and DKO; N = 2 . Scale bar, 100um.
(B) Percentages of GC B cells (PNAMI"CD95Md) in the spleens of TD-immunized
mice with the indicated genotypes. The gating strategy of GC B cells is shown in fig.
S4. N = 10-11 immunized mice per genotype and N = 3 n.i. WT mice. (C) Relative
titers of NP-specific IgM, total IgG1 (NP 16-specific), and high-affinity (NP4-specific)
IgG1 antibodies in the serum of TD-immunized mice of the indicated genotypes. N =
7-10 immunized mice per genotype and N = 6 n.i. WT mice. Data points in (B) and
(C) represent values from individual mice, and the lines represent the means. (D)
Percentages of plasmablasts (IRF4"9"CD138"d") in n.i. WT and mice of the indicated
genotypes immunized with the Tl antigen NP-LPS. (E) Quantification of the indicated

types of antibody-secreting cells (ASCs) in splenic cells isolated from Tl-immunized



mice with the indicated genotypes. The data points represent the numbers of cells
(spots in ELISpot assay) that secrete NP-specific antibodies among 5x10° splenic
cells. (F) Relative serum titers of NP-specific antibodies in TI-immunized mice of the
indicated isotypes. Data in (D) to (F) represent values from individual mice (N = 3 n.i.
WT mice, N = 5 immunized WT and N = 6 immunized DKO mice), and the bars
represent the means. Statistical analysis of the relative serum titers (C) and (F) was
performed after logarithmic transformation due to a lognormal distribution of the
values. Ordinary one-way ANOVA with Dunnett’s multiple comparison was
performed in (B) and (C). Ordinary one-way ANOVA with Sidak’s multiple
comparison was performed in (D) to (F). Brown/Forsythe and Welch one-way
ANOVA was used to calculate the statistics for NP IgM in (C) and NP IgG3 titers in

(F). *P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.

Fig. 5. Impaired plasma cell differentiation of DKO B cells. (A) lllustration of the
markers that increase and decrease during PC differentiation based on (57). (B to H)
Isolated splenic B cells of control (WT or Mb1-Cre mice) and Braff and Raf1 DKO
mice were cultured for 3 days with LPS. All FACS plots were gated on living cells.
Percentages of PB (CD138M9"B220'°%) cells in the cultures were quantified (B) using
the gating strategy shown in fig. S5A. WT and Mb1-Cre mice are controls. Ctrl, data
from WT and MB1-Cre mice combined. N = 15 mice per genotype. Percentages of
BLIMP1* B lymphocytes (C) and PB (CD138M9"B220'°%) cells among the living
BLIMP1* cells (D) were quantified. N = 6 mice per genotype (C) and (D). IRF4 and
PAXS5 staining was performed on isolated cells at day 0 (dO) and at day 3 (d3) of LPS
stimulation, and the numbers of IRF4MI"PAX5'°¥ cells were quantified (E).

Percentages of pre-PB (IRF4"9"PAX5'°"CD138"B220*) and PB



(IRF4hishPAX5'°wCD138M9hB220'°%) cells within the B cell population were quantified
using the gating strategy shown in fig. S5C (F). N =10 mice per genotype were
analyzed in (E) and (F), controls (ctrl) are Mb1-Cre and WT mice. CFSE staining was
performed to determine cell proliferation. An overlay of the CFSE staining at day 1
and day 3 of LPS stimulation is shown (G). Percentages of PB in each cell division
were quantified using the gating strategy shown in fig. S5D to monitor
CD138M"9"B220/°% cells at each cell division (H). N = 3 mice per genotype were
analyzed in (G) and (H). For all panels, data points in graphs represent values from
individual mice, and bars represent the means £S D. Statistical analyses in (C), (E),
and (F) were performed after logarithmic transformation due to a lognormal
distribution of the values. Unpaired Student’s t test [(B) to (E) and (H)] and two-way
ANOVA with Sidak’s multiple comparison (F). * P<0.05, ** P<0.01, *** P<0.001, ****

P<0.0001.

Fig. 6. Increased ERK phosphorylation in DKO B cells. (A) Splenic B cells from
control (WT and Mb-1-Cre mice combined) and Braf1 and Raff DKO mice were
stimulated with LPS, and amounts of pERK at the indicated time points were
determined in living B220* lymphocytes by FACS. The graph shows means £SD of
the median fluorescence intensities (MFI) of independent samples from N = 11
control, N = 12 DKO mice. A representative histogram shows pERK amounts in the
indicated genotypes and time points. (B and C) Splenic B cells from control (Mb1-
Cre) and DKO mice were stimulated with LPS for the indicated amounts of time (B)
or stimulated with an IgM-specific antibody (anti-IgM) (C). MEK, pMEK, pERK, ERK,
and Tubulin were detected by Western blotting. Quantitative data are shown in fig.

S6,Aand B. N=3 (B)and N =5 (C) independent samples for genotype and



condition. (D) Splenic B cells from control (Mb1-Cre) and DKO mice were stimulated
with LPS for the indicated amounts of time, and nuclear pERK was quantified.
Amounts of pERK were normalized to the loading control, LaminB2. The values of
unstimulated Mb1-Cre (control) and DKO B cells are depicted with dotted lines.
Means +SD were calculated from N = 3 independent samples per genotype. (E)
Basal amounts of pERK in FoB (CD21"CD23*) and MZ B (CD21"s"CD23'°%) cells
from control (Mb1-Cre) and DKO mice were analyzed by FACS. The histograms are
gated on living B220* lymphocytes. N = 4 mice per genotype (F) Basal amounts of
PERK in recirculating BM B cells (B220"9"CD43") in control and DKO mice were
determined by FACS. (G) Means £SD of the MFls of pERK amounts in the indicated
B cell populations of the BM: pro-B cells (B220*CD43*CD25"), early pre-B
(B220*CD43*CD25"), late pre-B (B220*CD43-CD25*), immature
(B220*CD43CD25"), and recirculating (B220"9"CD43") B cells. The dotted lines
indicate the values of the isotype controls. (F) and (G) N = 10 mice per genotype. To
differentiate non-specific background from specific antibody signals we used an
isotype control (Iso) in (A), (E), (F) and (G). All samples were stained in parallel with
an antibody matching the class and type of the pERK antibody but lacking the
specificity of pERK. Ordinary two-way ANOVA with Tukey’s in (A) and (G), or Sidak’s

in (D) and (E) multiple comparison. * P<0.05, ** P<0.01, **** P<0.0001.

Fig. 7. RAF-independent ERK phosphorylation in mature B cells. (A to E) B
cells from control (WT or MB1-Cre mice) and DKO mice were treated either with
vehicle (DMSO) or the chemical inhibitors LY30 (pan-RAF inhibitor LY3009120),
iISYK (SYK inhibitor p505-15), iIAKT (AKT inhibitor AKTi-1/2), LY29 (PI3K-inhibitor

LY294002), or iPAK (PAK-inhibitor PF-3758309) as indicated. Amounts of pERK1



and pERK2 in lysates from untreated (us) or LY30-treated B cells compared to
DMSO-treated controls were quantified from immunoblots and are shown as means
1+SD of the fold induction of pERK1 and pERK2 (A). Western blotting for the
indicated proteins was performed with lysates from splenic B cells treated with
DMSO or LY30 (B), iSYK or iAKT (C), LY29 (D), or iPAK (E) before they were
stimulated with an IgM-specfic antibody. Tubulin is a loading control. Numbers of
independent samples: For (A), N = 6 mice per genotype for untreated cells, and N =
6 control (WT and Mb1-Cre combined) mice and N = 4 DKO mice for Ly30-treated
cells. For (B), N =3 Mb1-Cre mice and N =2 DKO mice. For (C), N = 2 per genotype
per treatment. For (D and E), N = 3 mice per genotype per treatment. Numbers
below the pERK blots in (B) show the amounts of pErk1 and pErk2 relative to the
unstimulated and uninhibited values (set to 1) after normalization to Tubulin.
Quantifications of the Western Blots from (C) to (E) are shown in fig. SO A to C.
Two-way ANOVA with Sidak’s multiple comparison was performed in (A). Statistical
analysis was performed after logarithmic transformation due to a lognormal

distribution of the values. * P<0.05, ** P<0.01.

Fig. 8. Diminished ERK phosphorylation in pre-PBs from B cells of DKO mice.
(A) PAX5 and IRF4 staining of isolated splenic naive B cells (IRF4'°"PAX5M9") and
LPS-stimulated splenic B cells (3 days) from Mb1-Cre and DKO mice. Naive B cells
represent ex vivo isolated B cells that were stained before cells were stimulated with
LPS. LPS-stimulated B cells were further subdivided into activated (act.) B cells
(IRF4medpAX5hish) and pre-PBs and PBs (IRF4""PAX5'°%). The FACS plots are
gated on living lymphocytes. (B) The IRF4"S"PAX5'°" population was further

subdivided into pre-PB (CD138°“B220*) and PB (CD138"9"B220'°%) populations.



The FACS plots are gated on live IRF4MNI"PAX5'Y cells. (C) Representative overlays
of pERK or ERK abundance in the naive B cell, activated B cell, pre-PB, and PB
subpopulations. (D) Fold inductions of pERK and ERK in the indicated
subpopulations relative to naive B cells. (E) Ratios of the MFls of pERK to ERK for
each indicated subpopulation within one mouse. (A) to (E) N = 5 control mice, N = 4
DKO mice. Control mice are Mb1-Cre or WT mice combined. Ordinary two-way
ANOVA with Tukey’s (D) or Sidak’s (E) multiple comparison was performed. ****
P<0.0001. (F) Hypothetical signaling scheme for MEK-ERK activation in naive and

activated B cells compared to PCs.
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Fig. S1. Deletion of Braf and Raf1 in B cells from SKO and DKO mice. (A-B) The loxP-flanked regions were
amplified by PCR from DNAs prepared from B220"CD19"-sorted or CD43-depleted (MACS) splenic B cells
from Raf1""//Mb1-cre (Raf-1 KO), Braf’"//Mb1-cre (B-Raf KO) or Braf™//Raf1"""//Mb1-cre (DKO) mice. The
expected fragment sizes are indicated: wild-type locus (wt), recombinant floxed allele (fl), recombinant deleted
allele (del). Bands of the wt allele are connected by a yellow line. Data are representative of 3 independent
experiments. (C) Western blotting for B-Raf and Raf-1 in lysates of B cells isolated from mice of the indicated
genotypes. Western blots were incubated with antibodies recognizing the N-terminal part of B-Raf and the CR2
region of Raf-1 as indicated. Data are representative of 3 independent experiments.
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Fig. S2. B cell subpopulations in the BM (A) Gating strategy to determine the pro-B and early pre-B
(CD43"B220"Y) cells, late pre-B and immature B (CD43'B220'°") cells, and recirculating (CD43"B220"€") B cells
from control (WT or Mb1-Cre), B-Raf KO, Raf-1 KO, and double KO (DKO) mice in the BM. The plots are pre-
gated on living B220" lymphocytes. (B) Representative FACS plots of recirculating (IgM 1gD") B cells are shown.
The FACS plots are pre-gated on living B220" lymphocytes in the BM. (C) Percentages and total numbers of
recirculating B cells gated as in (B). (D) Percentages of Hardy’s fractions A, B, C, and C" gated as in Fig. 1B.
Dots in (C) and (D) represent values from individual mice, the means are indicated by lines. Data in (A) to (C)
are representative for N = 6-10 mice per genotype, in (D) for N = 6-8 mice per genotype. Ordinary one-way
ANOVA with Dunnett’s multiple comparison. * P<0.05, ** P<0.01, *** P<(0.001, **** P<(0.0001.
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Fig. S3. Mature B cells in the periphery. (A) Representative cryosections of spleens from WT, B-Raf KO, Raf-
1 KO, and DKO mice stained for CD3 to detect T cells (light blue), for [gM (red) to detect B cells, and for Moma-
1 (dark blue) to visualize marginal-zone macrophages. The marginal zone B cell area is indicated in the higher
magnifications images with red brackets. Scale bars, 200 um (top) and 30 um (bottom). Images are representative
for N =2 (B-RAF KO and RAF-1 KO mice) or N =3 (WT and DKO mice) independent samples per genotype
(B) B cell numbers (TOPRO-3", B220" lymphocytes) in the inguinal lymph nodes of the indicated genotypes. B
cell numbers were calculated for one inguinal lymph node. Dots represent values from individual mice, N = 68
mice per group. (C) The graph shows percentages of Bla cells in the peritoneal cavity of mice of the indicated
genotypes. Dots represent values from individual mice, N = 7-15 mice per group. In (B) and (C), controls are WT
or Mb1-Cre mice. B cell numbers in (B) were logarithmic transformed due to a lognormal distribution of the
values. (B) and (C) Ordinary one-way ANOVA with Tukey’s multiple comparison. * P<0.05, *** P<(0.001, ***%*
P<0.0001.
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Fig. S4. TD and TI immune responses of RAF-deficient mice. (A) Gating strategy of germinal center B cells
(PNA"ECDY5ME) of immunized DKO and immunized and non-immunized (n.i.) WT mice (14 days p.i. with NP-
CGQG). Plots are gated on living B220" lymphocytes. (B) ELIspot analyses to detect NP-specific ASCs with the
indicated isotypes among 5x10° splenic B cells from DKO and WT mice 7 days p.i. with NP-LPS. Data are
representative for N = 5 immunized WT and N = 6 immunized DKO mice. (C and D) Analysis of mice 14 days
after immunization with NP-Ficoll. NP-specific IgM and IgG3 antibody secreting cells (ASC) were determined
by ELISpot, and the numbers correspond to spots in 5x10°> (IgM) and 1x10° (IgG3) seeded splenocytes (C).
Relative serum titers of NP-specific IgM and IgG3 antibodies (D). Dots in (C) and (D) represent values from
individual mice.The lines represent the means. N = 5 immunized and N > 3 unimmunized mice per genotype.
Statistical analysis of the relative serum titers was performed after logarithmic transformation due to a lognormal
distribution of the values. (C) and (D) Two-way ANOVA with Tukey’s multiple comparison. ** P<0.01, ****
P<0.0001.
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Fig. S5. Plasma cell differentiation upon LPS stimulation in vitro. (A) Gating strategy for PBs
(CD138"¢"B220"") without stimulation at day 0 (d0) and after three days of LPS stimulation (d3). Data are
representative for N = 15 mice per genotype. (B) Representative overlays of the IRF4 amounts in unstimulated
(d0) and LPS-stimulated (d3) B cells from Mb1-Cre and DKO mice. Data are representative for N = 6 mice per
genotype (C). Gating and percentages of pre-PBs (CD138™B220%) and PBs (CD138"€"B220"") within living
IRF4"e"PAX 5" cells (see Fig. SE for gating). N = 10 mice per genotype. Controls were Mb1-Cre or WT mice.
Statistics was calculated with a two-way ANOVA with Sidak’s multiple comparison. * P<0.05, ** P<0.01. (D)
Gating strategy of cell divisions (histogram). Percentages of PB (CD138"¢"B220°") in each cell division (dot
plots). The plots are gated on undivided cells (0 div) or cells with 1 division (1 div), 2 divisions (2 div), 3 divisions
(3 div), and 4 or more divisions (4+ div). Data are representative for three independent experiments.
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Fig. S6. Abundance of pMEK and pERK in unstimulated and stimulated B cells. (A and B) Splenic B cells
from Mb1-Cre and DKO mice were stimulated for the indicated amonts of time with LPS (A) or with an IgM-
specific antibody (B). The graphs show the fold induction (individual values) of pERK1, pERK2, and pMEK
relative to the mean value in unstimulated B cells from Mb1-Cre mice. N = 3 (A) and N = 5 (B) independent
samples per condition and genotype. The values were logarithmic transformed due to their lognormal distribution.
Statistics was calculated with 2way RM ANOVA with Tukey’s multiple comparison. * P<0.05, ** P<0.01, ***
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Fig. S7. ERK phosphorylation in the presence of pan-RAF inhibitors. (A) Western blot analysis of A-Raf in
lysates from unstimulated and IgM-stimulated splenic B cells from DKO and Mb1-Cre mice. The graph compiles
the quantified A-Raf signals. Symbols represent values from individual mice. Means £SD of the fold induction
of A-Raf relative to the mean of the unstimulated controls are shown. Data are representative for N =4 Mb1-Cre
and N =7 DKO mice. Two-way ANOVA with Tukey’s multiple comparison test. (B to F) Western blot analyses
for pERK, ERK1/2, and Tubulin in lysates from splenic B cells isolated from WT (B to D) or Mb1-Cre and DKO
B cells (E and F) treated with the indicated concentrations of the pan-RAF inhibitors Sorafenib (B and E),
Dabrafenib (C and F), or LY3009120 (D) and stimulated or not with an IgM-specific antibody as indicated. DMSO
is a vehicle control. (B to D) N = 2 independent sample preparations, each treated with three different inhibitor
concentrations. (E) N = 3 independent sample preparations for controls, each treated with two different inhibitor
concentrations and N = 2 for DKO. (F) N = 3 independent sample preparations for controls, N =1 for DKO, each
treated with two different inhibitor concentrations. (G) Immunoblotting for pERK, ERK1/2, and Tubulin in lysates
from splenic B cells isolated from Mb1-Cre or DKO mice. B cells were stimulated for the indicated amonts of
time with LPS in the presence or absence of the pan-RAF inhibitor LY3009120. Data of the blot are representative
for N = 3 independent samples per genotype and condition. (B to G) Numbers below the pERK blots show the
amounts of pErk1 and pErk2 relative to the unstimulated and uninhibited values (set to 1) after normalization to
Tubulin.
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Fig. S8. Activation of signaling pathways downstream of the BCR. (A to E) Western blot analyses and
quantification of the indicated signaling molecules that are activated downstream of the BCR in lysates from
splenic B cells isolated from control and DKO mice and either stimulated or not with an IgM-specific antibody
for 2.5min (A, B, C, and E) or for the indicated amounts of time (D). The experiments shown in (A, B, C, E) are
representative for N = 4-7 individual samples from Mb1-Cre and N = 7-8 from DKO mice. (D) Data are
representative for N = 3 indipendent samples per genotype and condition. For the quantification of pp38 and
pINK the values after 2.5min anti-IgM stimulation were used. (A to E) MeanSD of the fold induction of the
phosphorylated forms of the indicated signaling molecules in comparison to the mean of unstimulated (w/o0)
controls (set to 1) are shown. All values were logarithmic transformed due to their lognormal distribution. Two-
way ANOVA with Tukey’s multiple comparison test. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
XXXXXXX.
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Fig. S9. RAF-independent ERK phosphorylation in mature B cells. Splenic B cells from control and DKO
mice were treated with vehicle (DMSQO) or chemical inhibitors: LY30 (pan-RAF inhibitor LY3009120), iSYK
(SYK inhibitor p505-15), iAKT (AKT inhibitor AKTi-1/2), LY29 (PI3K inhibitor LY294002) iPAK (PAK
inhibitor PF-3758309) or iIKK2 (IKK2 inhibitor8). (A to C) Quantification of the Western blots from Fig. 7.
The graphs depict the fold induction of pAkt, pErkl, and pErk2 of IgM-stimulated B cells in the presence and
absence of the indicated chemical inhibitors. The values were calculated in the comparison to the mean of
unstimulated (w/0) control B cells, which was set to 1. (A) N = 2 independent samples per genotype for iSyk
and 1Akt. The graph shows the quantification of the Western-Blots without statistical calculation. (B and C) N =
3 independent samples per genotype and condition; Statistics was calculated with two-way ANOVA with
Dunnett’s (B) and Sidak’s (C) multiple comparison. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001. (D)
Western blots for the detection of the indicated proteins were performed on lysates from splenic B cells treated
with iIKK?2 or iAKT and stimulated with an antibody specific for I[gM or left unstimulated. The blot is
representative for N = 2 independent samples per genotype for ilKK?2 and iAkt. The graphs show the
quantification of the Western blots, without statistical calculation. (E) B cells were treated with either DMSO
or the PI3K inhibitor LY294002 and then left unstimulated or were stimulated with LPS for the indicated
amonts of time. pAKT, AKT, pERK, ERK, and Tubulin were detected by immunoblotting. Western blots were
quantified and the fold induction (Mean£SD) of pAkt, pErk1 and pErk2 was calculated in comparison to the
mean of unstimulated (w/0) control B cells (set to 1). N = 3 independent samples per genotype and condition.
(A to E) Two-way ANOVA with Dunnetts’s multiple comparison. * P<0.05, ** P<0.01, *** P<0.001. The
values from (C and D) were logarithmic transformed due to their lognormal distribution.
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Fig. S10. Survival of B cells in the presence of the MEK inhibitor UO126. Splenic B cells, isolated from DKO
or Mb1-Cre mice, were stimulated with LPS in the presence of DMSO or UO126. At day 0 and day 3 the survival
of B cells was determined by staining the cells with LIVE/DEAD™. Both the percentages of living cells and MFI
for pERK were determined by FACS after permeabilization and intracellular staining. Data are from N = 3
independent experiments . Mean+SD are shown. The symbols indicate values of individual mice. [(A) and (B)]
Two-way ANOVA with Tukey’s multiple comparison. **** P<0.0001.
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Fig. S11. Deletion of the floxed exons in PCs. (A) Sorting strategy of PC (CD138"€"B220'°") and non-PC cells
(B2 cells) (CD138"°¥B220"¢"). The consecutive gating is indicated in the FACS plots. (B) The loxP-flanked
regions were amplified by PCR on DNAs prepared from splenic B cells, which were either CD43-depleted
(MACS purified d0) or sorted as indicated in (A). The expected fragments are indicated: wild-type locus (wt),
recombinant floxed alleles, recombinant deleted alleles. The fragment sizes are indicated in fig. S1, except the
undeleted Braf floxed and WT alleles, which have a size of around 1.3kb. *The PCR band is due to a low purity
of MACS-purified B cells (85%). The PCR is representative of two independent experiments.



Table S1. Antibodies used in this study

Antibody Conjugate Clone Company Dilution
CD43 Biotin; BV421 S7 BD Biosciences 1:100
SA-APC BD Biosciences 1:400
SA-PerCP BD Biosciences 1:100
B220 PerCP RA3-6B2 |BD Biosciences 1:400
BP-1 PE BP-1 BD Biosciences 1:50
CD24 FITC M1/69 BD Biosciences 1:1000
CD21 APC 7G6 BD Biosciences 1:100
CD23 PE; FITC B3B4 BD Biosciences 1:200
CD5 APC 53-7.3 BD Biosciences 1:500
IgM APC 11/41 BD Biosciences 1:100
8 AA4.1 PE eBioscience™ 1:200
< [PNA FITC VectorLaboratories 1:500
CD95 PE JO2 BD Biosciences 1:75
CD138 PE; BV421 281-2 BD Biosciences 1:600; 1:200
Blimp1 AlexaFluor 647 5E7 BD Biosciences 1:100
Pax5 PE 1H9 BD Biosciences 1:2000
Irf4 APC 3E4 BD Biosciences 1:200
Phospho-Erk1/2 (Thr202/Tyr204) Cell signaling (#9101S) 1:100
Rabbit mAb IgG XP Isotype Control DA1E Cell signaling (#3900S) 1:100
goat-anti-rabbit AlexaFluor 488; PE invitrogen 1:100
IgD FITC 11-26¢c.2a |BD Biosciences 1:500; 1:200
CD25 PE PC61 BD Biosciences 1:400
rat-anti-mouse IgM R6-60.2 BD Biosciences 1:500
'g'_ rat-anti-mouse IgG1 A85-1 BD Biosciences 1:500
o [rat-anti-mouse IgG3 R40-82 BD Biosciences 1:500
d rat-anti-mouse IgA C10-1 BD Biosciences 1:350
Avidin D - HRP Vector 1:2000
rat-anti-mouse IgG2a R19-15 BD Biosciences 1:300
rat-anti-mouse IgA C10-1 BD Biosciences 1:300
ff) rat-anti-mouse IgG1 A85-1 BD Biosciences 1:500
a goat-anti-mouse-IgM-HRP YF97 Southern Biotech 1:5000
rat-anti-mouse IgG3 R40-82 BD Biosciences 1:500
Avidin D - HRP Vector 1:2000
Phospho-Erk1/2 (Thr202/Tyr204) Cell signaling (#9101S) 1:2500
Erk1/2 Cell signaling (#9102S) 1:2500
alpha/beta-Tubulin Cell signaling (#2148S) 1:2500
Phospho-Akt (Serd73) XP D9E Cell signaling (#4060S) 1:2500
Akt Cell signaling (#9272S) 1:2500
Phospho-Mek (Ser217/221) 41G9 Cell signaling (#9154S) 1:1000
Mek 47E6 Cell signaling (#9126S) 1:1000
Phsopho-Syk (Tyr525/526) Cell signaling (#2711S) 1:1000
Syk Cell signaling (#2712) 1:1000
S |Phospho-p38 MAPK (Thr180/Tyr182) XP D3F9 Cell signaling (#4511S) 1:1000
': p38 MAPK Cell signaling (#9212S) 1:1000
& |Phospho-lkBalpha (Ser32/36) 5A5 Cell signaling (#9246S) 1:1000
§ IkBalpha 44D4 Cell signaling (#4812S) 1:1000
= |PLCgamma2 Cell signaling (#3872) 1:1000
Phospho-PLC-gamma-2 (Tyr1217) Cell signaling (#3871S) 1:1000
Phospho-SAPK/JNK (T183/Y185) 81E11 Cell signaling (#4668S) 1:1000
SAPK/JNK Cell signaling (#9252L) 1:1000
GAPDH 6C5 Merck (#CB1001-500UG) 1:20000
A-Raf Cell signaling (#44328S) 1:1000
B-Raf C19 Santa Cruz Biotechnology 1:500
Raf-1 (C-Raf) Cell signaling (#9422S) 1:1000
Anti-mouse IgG HRP-linked Cell signaling (#7076S) 1:2500
Anti-rabbit IgG HRP-linked Cell signaling (#7074S) 1:2500
3 LaminB2 E1S1Q Cell signaling (#13823S) 1:50
= |Phospho-Erk1/2 (Thr202/Tyr204) Cell signaling (#9101S) 1:20
Anti-Mouse IgM (u-chain specific) Peroxidase Sigma-Aldrich 1:100
o |Rat-anti-mouse CD3 monoclonal CD3 antibody produced in house |1:2
@ [Rat-anti-mouse MOMA-1 Biomedicals 1:100
T [PNA Biotin Vector 1:2000
mouse-anti-Rat IgG2 Biotin Jackson Laboratories 1:250




Table S2. Primers for PCR amplification of the Raf-genes.

Raf-1 US-Lox TGGCTGTGCCCTTGGAACCTCAGCACC
Raf-1 DS-Lox AACATGAAGTGGTGTTCTCCGGGCGCC
Raf-1 CT-U ATGCACTGAAATGAAAACGTGAAGACGACG
B-Raf 9 GCATAGCGCATATGCTCACA

B-Raf 11 CCATGCTCTAACTAGTGCTG

B-Raf 17 GTTGACCTTGAACTTTCTCC
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